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Available online 2 July 2008AbstractSeacoast to inland soil transects of 1 and 2 km were researched over 2 years to understand the microbial diversity in a post ice
age, isostatically, rebounding, soil environment. Community level substrate utilization analysis and 16S rDNA eubacterial diversity
were employed. The community level substrate analysis demonstrated that regardless of the location along the transect from sea-
coast to forest, sandy or peat soil, the microbial diversity (Shannon diversity index about 3) was virtually the same. Shannon di-
versity indexes based on PCR-DGGE analysis yielded values between about 0.6 and about 2 depending on the sand or peat soil
type and the year the samples were collected and analyzed (2002 and 2003). Regardless of the genetic diversity, the soils
exhibited similar metabolic capabilities. This is a good example of redundant, functional, physiology regardless of the species
present at each location along the transects.
 2010 Elsevier B.V. and NIPR. All rights reserved.
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The sub-Arctic and Arctic regions are being altered
because of global climate change. These changes
include the melting of polar icecaps and the warm-
ing/melting of permafrost. Increased warming and lon-
ger periods of thawing of soils alters overall biological
activity in northern environments, and can increase the
depth of soil that seasonally thaws each summer (des-
ignated the active layer). The accumulation of organic* Corresponding authors. Tel.: þ1 519 824 4120; fax: þ1 519 837
0442.
E-mail addresses: jtrevors@uoguelph.ca (J.T. Trevors), pkevan@
uoguelph.ca (P.G. Kevan).
1873-9652/$ - see front matter  2010 Elsevier B.V. and NIPR. All rights
doi:10.1016/j.polar.2008.06.001matter (OM) in northern environments immobilizes nu-
trients and consequently, the Arctic is regarded as a car-
bon sink (Bohlen et al., 2001). It is expected that as
Arctic and sub-Arctic soils warm and thaw more
deeply over longer periods, biological activity will in-
crease and more carbon dioxide will be released by soil
respiration.
There is a paucity of research on the microbiology
of Arctic and sub-Arctic soils, especially microbial
numbers, activity and biodiversity, although in the
last decade there has been an increasing interest.
Some examples include the research of Derry et al.,
(1999b) who reported that anthropogenic enrichment
of soils on Igloolik Island, Canada resulted in more di-
verse microbial communities than in soils with no an-
thropogenic impact. Tam et al. (2001) observed diversereserved.
82 J.T. Trevors et al. / Polar Science 4 (2010) 81e91metabolic activity in soils associated with plant roots
from the high Arctic tundra (Cornwallis Island) com-
pared to soils lacking vegetation only a few meters
away. Hansen et al. (2007) reported that in a 2347-
year-old permafrost from Spitsbergen, Norway, about
26% of the total bacterial cells in the samples were
viable. In addition, 162 taxonomic units were observed
in 800, 16S rDNA sequences.
Most of the Arctic was overlain by the Wisconsin/
Laurentide ice-sheet during the last ice age. As a result,
soils in the Arctic are relatively young and poorly de-
veloped. Following deglaciation about 8000 years ago,
large regions in the Arctic were submerged and have
undergone isostatic rebound as the coastal shelf be-
came terrestrial. As far as we know, there have been
no studies on microorganisms associated with soils ex-
periencing isostatic rebound in the Churchill, Canada
area. We selected a terrestrial transect with a rising el-
evation sloping 3 m km1 of terrain from the boreal
forest tree line to the seacoast. The transect has soils
of different ages, permafrost, OM levels, moisture con-
tent, texture and vegetation cover that are similar. We
were interested in whether or not the 1200-year-oldFig. 1. Map of study area and location of transect. Location of sampling site
Canada.soil at the tree line would have more microbial diver-
sity and hence be metabolically more complex than
younger soils (<200 years old), at the coastline, of
the same soil type. To test this hypothesis, we sampled
microbial communities along a soil transect from the
seacoast to the inland boreal forest tree line (1 km in
2002; 2 km in 2003; Fig. 1) on the Hudson Bay low-
lands near Churchill, Manitoba, Canada. The rate of
isostatic rebound suggested that soils ranged in age
from a few hundred years (at the shore) to about
1200 years located just within the Boreal forest tree
line (about 2 km inland). A transect at Bird Cove,
Canada, was previously described by Dredge (1992).
The whole area was submerged beneath the Tyrrell
Sea, but became increasingly terrestrial about
1200 years ago, following isostatic rebound. The par-
ent bedrock at our research site is Silurian limestone
and dolomite. The terrestrial transect was covered by
marine deposits of sand overlain with a thin layer of
peat. Peat is the most extensive surface material over
the Hudson Bay lowlands (Dredge and Nixon, 1992).
The pH of the soil ranges from 5 to 5.5 (Bohlen and
Inventory, 1989)s from Hudson Bay and boreal forest tree line in Churchill, Manitoba,
83J.T. Trevors et al. / Polar Science 4 (2010) 81e912. Materials and methods
2.1. Characterization of study site
Soil samples were collected from the active layer
(non-permafrost soil surface layer) of a raised beach
site outside Churchill, MB, Canada (Bird Cove,
5844.90N, e 9353.30W) in August 2002 and
2003 (Figs. 1 and 2). The depth of the active
layer (about 1.2 m maximum) was determined in0.00
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Fig. 2. Depth of the active layer, peat and sand samples (n ¼ 70) collected
Bay shoreline to the boreal forest tree line in Churchill, Manitoba, Canada2002 with a pointed steel rod 1 cm in diameter
(Fig. 2). Frozen ground was reached when the rod
stopped penetrating, but without jarring as when stones
were encountered (Fig. 2). Soil samples were taken
along two transects (100 m distance between sampling
locations) in 1-m2 plots every 150 m from the edge
of the Hudson Bay intertidal flats. Samples were
collected up to 1000 m inland in 2002, and up to
1850 m (distance from shoreline to behind the tree
line) in 2003.00100
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.
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Five replicate soil cores were taken from the active
layer at the study sites at Bird Cove, Churchill, MB in
2002 and 2003 using a disinfected lined soil probe
(AMS, American Falls, ID, USA). Individual liners
were washed with the commercial cleaner, Spray Nine
(Spray Nine Corp, Johnstown, NY, USA) and rinsed
with sterile distilled water prior to collection. Soil cores
were separated by soil type, overlying peat (0e10 cm in
depth) from the underlying sand (10e20 cm in depth)
andmeasured into sterile 50-mL centrifuge tubes. These
were frozen at20 C for transport to the University of
Guelph, ON, Canada, for analysis. Prior to experimenta-
tion, soil samples were thawed at10 C for 24 h then at
4 C to prevent thermal shock and cell lysis. The soil
moisture content was determined by measuring 5 g of
sample into metal weigh boats and oven drying for
72 h at 100 C to determine weight loss (expressed as
a percentage). Average dry weights (n ¼ 3) for soil sam-
ples taken in 2002 were 31.6  0.87% in peat samples
and 73.0  0.48% in sand samples Dry weights taken
in 2003 were 36.2  0.81% and 76.7  0.43% for peat
and sand samples, respectively.
2.3. Extraction of cells from samples
Extraction of microbial cells from soil samples was
as previously described by Derry et al. (1999a) with the
following modifications. A 25-g (dry weight) sample
was suspended in 20 mL of sterile 0.1% (w/v) sodium
pyrophosphate (adjusted to pH 7.0) in a 125-mL stop-
pered flask. Four grams of sterile glass beads (3e4 mm
diameter) were added to flasks containing peat samples
to facilitate agitation. Flasks containing the soil solu-
tions were agitated on a rotary shaker at 140 rpm for
1 h at room temperature and then decanted into a sterile
250-mL Oakridge polypropylene centrifuge bottle
(Fisher Scientific, Toronto, Canada). Samples were
centrifuged at 650  g for 10 min. Ten milliliters of
supernatant fluid were transferred to a 50-mL Oakridge
centrifuge bottle and 10 mL of sterile sodium pyro-
phosphate were replaced in the large bottle. This
procedure was repeated to accumulate 30 mL of super-
natant. The 30 mL of soil extract was centrifuged at
480  g for 10 min at 4 C to pellet the cells. The
resulting pellet contained the extracted microorgan-
isms. The supernatant fluid was replaced with 30 mL
of sterile, double-distilled water and the microbial
cell pellet washed three times and harvested by centri-
fugation at 12,000  g for 10 min at 4 C. The pellet of
microbial cells was resuspended in 25 mL of sterile0.85% (w/v) NaC1 and stored (no longer than
4 days) at 4 C for further experimentation.
2.4. Fluorescent microscopy
Direct microscopic bacterial cell counts were made
using the LIVE/DEAD BacLight Bacterial Viability
Staining Kit (L-7007, Molecular Probes, Eugene OR,
USA). Viable and non-viable control suspensions
were made with a culture of Escherichia coli JM109
grown in LuriaeBertani (LB) broth (Difco Laborato-
ries, Detroit, MI, USA) at 37 C on a rotary shaker
(200 rpm) to exponential phase and an aliquot of cells
was killed with 70% ethanol and stained with a 7:10
ratio of SYTO9:propidium iodide nucleic acid stain
mixture. Three microliters of the stain mixture were
added for each milliliter of bacterial suspension and
incubated at room temperature in the dark for
15 min. Five milliliters of the stained suspension
were examined under fluorescence microscopy (Nikon
Microscope Model ES600). Emission intensity was
measured by using fluorescent filters at an excitation
of 480/500 nm for SYTO9 and 490/635 nm for propi-
dium iodide. Image acquisition was made with a Hana-
matsu (C4742-95-12ER Digital CCD) camera and
counts were controlled by Simple PCI 5.1 imaging
software (Compix Imaging Systems Inc., Cranberry,
PA, USA). The number of bacteria per milliliter of
sample was estimated based on counts of five micro-
scopic fields and the volume of the cell suspension.
The imaging system enumerated the number of cells
per field for subsequent data analysis.
2.5. Colony-forming units
Cell extracts were serially diluted to 102 and
spread plated onto full-strength LB and 1/10-strength
LB agar media. Plates were incubated at 4 and 28 C
for 40 and 7 days, respectively. Colony-forming units
were counted every 24 h to take into account lags asso-
ciated with slow colony growth.
2.6. ECO-BIOLOG analysis
Cell extracts from each soil sample were used to in-
oculate ECO-BIOLOG microplates (BIOLOG, Hay-
ward, CA, USA). Each 96-well microplate contains
three replicates of 31 different carbon substrates in ad-
dition to a reference well. Each ECO-BIOLOG micro-
plate was inoculated with 10 mL of cell suspension
(100 mL per well) and incubated at 4 or 28 C for 32
and 7 days, respectively. Each plate was scanned using
85J.T. Trevors et al. / Polar Science 4 (2010) 81e91a Model 3550 microplate reader (BioRad, Hercules,
CA, USA) at a wavelength of 595 nm at 24-h intervals
to take into account lags in growth and exponential,
and stationary phases associated with growth on differ-
ent carbon substrates (Derry et al., 1999b; Staddon
et al., 1997). The data from the spectrophotometric
scanning of ECO-BIOLOG microplates were analyzed
by two methods. ShannoneWiener diversity indices
were calculated from OD595 values using the formula:
H0 ¼ Ppi ln pi, where pi is the optical density value
expressed as a proportion of total color development
(Maggurran, 1988). Additionally, OD595 values were
normalized by calculating average well color develop-
ment (AWCD) as described by Garland and Mills
(1991): AWCD ¼ [P(C  R)]/n, where C is the color
production in each well (OD measurement), R is the
OD value of the substrate control well, and n is the
number of substrates (n ¼ 31). Each blank-corrected
well was divided by the plate AWCD: (C  R)/
AWCD (Anderson et al., 2002; Garland and Mills,
1991; Tam et al., 2003). A positive substrate response
was taken to be an OD595 25% greater than that of the
control. Statistical transformations and processing
were performed with SYSTAT. Multivariate analysis
was applied to the data so relative differences between
soil functional diversity could be assessed. Ordination
analysis by un-weighted pair-group method was
made on AWCD-transformed data and evaluated by
principal component analysis (PCA) using the software
packages, Systat (Systat v.8.0, SPSS Inc., Chicago, IL,
USA) and Sigmastat (Sigmaplot v.5.0, Jandel Scien-
tific, San Rafael, CA, USA).
2.7. Growth and preparation of reference cultures
Six reference control cultures were used for gener-
ating positive amplification signals and for producing
a 16S rDNA marker ladder for DGGE. Microorgan-
isms (Bacillus subtilis 1A195, Escherichia coli
JM109, Enterobacter aerogenes NCTC418, Pseudomo-
nas aeruginosa PG210, Pseudomonas fluorescens
NRC2137, and P. putida PAW 340) were resuscitated
from freeze-dried cultures and 50-mL aliquots of
each culture suspension were diluted to final volumes
of 25 mL of 108 cells mL1 in sterile, 0.85% (w/v) sa-
line and stored at 4 C until used for DNA extraction as
described above.
2.8. Polymerase chain reaction amplification
The short variable V3 region of the 16S rDNA was
amplified using forward primer 341F (50-CCT-ACG-GGA-GGC-AGC-AG-30) and reverse primer 534R
(50-ATT-ACC-GCG-GCT-GCT-GG-30) (MBI Fermen-
tas, http://www.fermentas.com). These primers amplify
the conserved 16S rDNA regions in the different bacte-
rial species which correspond to positions 341e534 of
the E. coli genome, producing PCR products about
250 bp in length (Muyzer et al., 1993). Reaction tubes
were prepared with: 10 mL of 2 PCR Master Mix
(MBI Fermentas; containing 0.05 units mL1 Taq
DNA polymerase, 0.4 mM each dTPs, 4 mM MgCl2),
1 mL each of 10 pmol mL1 forward and reverse
primers, 1 mL of 1 ng mL1 template DNA, and RN-
ase-free deionized water to a final volume of 20 mL.
An Eppendorf Mastercycler (Westbury, NY, USA)
was used to optimize the PCR with the following am-
plification program: initial denaturation step at 95 C
for 1.5 min, 10 cycles of denaturation at 94 C for
20 s, annealing at 58 C for 30 s, extension at 72 C
for 10 s, followed by 20 cycles at an annealing temper-
ature of 62 C and a final extension at 72 C for
10 min. Amplification was confirmed by agarose gel
eletrophoresis in a 1.2% (w/v) gel at 85 V for 30 min
followed by ethidium bromide staining and visualiza-
tion under UV transillumination.
PCR products for use with DGGE were amplified
with the 341F forward primer containing a 40 bp
GC-clamp at the 50-end (50-CGC-CCG-CCG-CGC-
GCG-GCG-GGC-GGG-GCG-GGG-GCA-CGG-GGG-
G þ 341F-30) with the 534R reverse primer containing
the same PCR reaction cocktail as described above.
This GC-clamp ensures the DNA is not completely
separated into single strands during migration in the
polyacrylamide gel. The amplification program for
positive controls for the DGGE marker ladder and
soil DNA with 341FþGC clamp and 534R primers
was as described above. After amplification, PCR
products containing the GC-clamp were further puri-
fied using the High Pure PCR Product Purification
Kit (Cat No. 1-732-668, Roche Applied Science, Ger-
many). DNA fragments of >100 bp in length bind to
the glass fiber column while contaminating oligonucle-
otides, dimerized primers, and salts from PCR reac-
tions are eluted.
2.9. PCR-DGGE
Polyacrylamide denaturing gels were cast on the
DCode Universal Mutation Detection System (BioRad,
Hercules, CA, USA) (Kirk et al., 2005). Since the PCR
product is about 250 bp in length, the acrylamide/bis
gel percentage must provide adequate base pair separa-
tion in this range. A double-denaturing gel was cast
86 J.T. Trevors et al. / Polar Science 4 (2010) 81e91using two acrylamide/bis gel percentages to provide
higher resolution of bands. The lower polyacryl-
amide/bis solution was 8% (separating fragments
between 200 and 400 bp), and the higher polyacryl-
amide/bis solution was 10% (separating fragments be-
tween 100 and 300 bp). Fifteen microliters of PCR
product containing the GC-clamp was loaded with
5 mL of 2 loading dye onto the double-denaturing
8e10% polyacrylamide gel with a 20e80% denaturant
gradient (where 100% denaturant contained 7 M urea
and 40% deionized formamide). Denaturation solu-
tions and ammonium persulfate reagents were prepared
in concentrations as described by the manufacturer and
stored at 4 C in the dark. Solutions were discarded af-
ter 30 and 7 days, respectively.
All gels were standardized by addition of a DNA
reference ladder generated by mixing PCR products
of the 16S rDNA gene from control isolates as de-
scribed above. Each standard was loaded onto each
gel to normalize the running distance of the amplicons
of interest and to correct for gel-to-gel variation and
distortion. The gel was electrophoresed in a 60.0 C
bath of 0.5 TAE running buffer for 18 h at a constant
voltage of 30 V. Gels were stained in a 50 mg mL1 so-
lution of ethidium bromide for 30 min and destained for
15 min in deionized water. Image acquisition was made
using BioRad Gel Doc 2000 ChemiDoc system.
2.10. Data and image analysis
DGGE profiles were analyzed for diversity where
each band is presumed to represent the ability for1.0E+07
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Fig. 3. Direct counts of microbial cells determined by fluorescent microscop
transect from the Hudson Bay shoreline to the boreal forest tree line collea single bacterial species to be amplified. The Shan-
noneWiener index of diversity (H0) was calculated us-
ing peak intensity profiles to compare changes in
diversity of microbial communities (Magurran, 1988)
between sites by using the function, H0 ¼ P(PilnPi),
where Pi ¼ ni/N, ni is the peak height and N is the sum
of all peak heights in the curve.
3. Results and discussion
3.1. Fluorescent microscopy
There was mostly consistency in total, direct, cell
counts along the rebounding transect (from shoreline
to forest) and also similarity in direct counts between
soil types (sandy versus peat) (Fig. 3). No significant
differences were observed in total direct counts be-
tween soil types (sandy versus peat) in 2002
(F ¼ 2.23, p ¼ 0.080, ANOVA), however, significant
differences were observed between soil types in 2003
(F ¼ 2.88, p ¼ 0.007, ANOVA). Total direct counts
ranged from 0.722 to 11.9  105 cells g1 dry weight
in peat samples and from 0.169 to 13.7  105 cells
g1 dry weight in sand samples from 2002. Overall, to-
tal direct counts in the sandy soil were higher
(5.08  105 cells g1 dry weight) than in the peat
soil samples (4.59  105 cells g1 dry weight) over
the 2-year study. Samples from all sampling points
along the soil transect were used in these comparisons
(Fig. 3). The direct viable counts in the samples taken
along the rebounding soil transect ranged from 48.3 to
76.1% of the total. Higher viability (>60%) was2002P
2002S
2003P
2003S
1000 1200 1400 1600 1800 2000
nce (m)
y from peat (P) and sand (S) (n ¼ 5) soil samples taken along a 2-km
cted in 2002 and 2003.
87J.T. Trevors et al. / Polar Science 4 (2010) 81e91observed from samples collected in 2003 compared to
those collected in 2002 (range 48e53 viability).
3.2. Colony-forming units
The average of three replicate spread-plates on LB
and 1/10 LB media incubated at 4 and 28 C were
combined to represent the percent of the total direct
count. Aside from the single replicates with unexpect-
edly high numbers previously mentioned, the overall
CFU by spread-plating were consistent between media
type ranging from 0.00014 to 9.52  105 cells g1 (dry
weight basis) in samples on 1/10-strength LB and
0.0008 to 10.6  105 cells g1 (dry weight) in samples
plated on full-strength LB agar. Significant differences
in CFU counts in peat and sand samples from 2002
(F ¼ 5.34, p ¼ 0.029) were observed, but no difference
in CFU counts from 2003 (F ¼ 2.69, p ¼ 0.017). Gen-
erally, CFU counts from this experiment were lower
than culturable cells from high Arctic soil samples in-
cubated at 5 C ranged from 106 to 108 CFU g soil1
(Juck et al., 2000).
3.3. Community metabolic diversity
It was observed that metabolic diversity (Shannone
Wiener diversity indices) was similar in soil samples
from the shoreline (about 100e200 years old), and
had similar metabolic patterns to communities from
older tree line soils (about 1200 years old) (Fig. 4).
OD595 values obtained from the reduction of the sub-
strate-amended tetrazolium salt were first calculated
into ShannoneWiener (H0) diversity indices for com-
parison with those in the literature. Additional calcula-
tions were made by transforming the OD595 data into
average-well-color-development (AWCD) values for
ordination multivariate analysis. Thirdly, substrate
patterns were analyzed for preferential utilization
between samples by determining the number of posi-
tive utilization responses on the microplate. There
was a significant difference (p ¼ 0.005) in H0 diversity
values between soil types (H0peat ¼ 3.114  0.275;
H0sand ¼ 2.952  0.338). There were differences in
diversity between incubation temperature in the 2003
samples (F-value ¼ 6.772, p ¼ 0.0003, ANOVA). It
was hypothesized that psychrotrophic microbial com-
munities growing at 4 C would utilize different sub-
strates compared to mesophilic communities growing
at 28 C. This was not observed.
The soil microbial communities exhibited similar
metabolic patterns along the soil transect from both
years (2002 and 2003, both sand and peaty soilsamples) when analyzed at both 4 and 28 C. Analysis
at 4 C yields metabolic data from mostly microbial
psychrophiles and psychrotrophs while the 28 C data
would have been from mesophilic microorganisms.
The diversity estimates for all data sets over 2 years
and two different temperatures were about 3, consistent
with other observations in both temperate and Arctic
soils (Derry et al., 1999b; Tam et al., 2001).
PCR-DGGE banding patterns analyzed to provide
ShannoneWeiner diversity index values demonstrated
the presence of different microbial communities with
different 16S rDNA banding patterns ranging from
about 0.6 to 2. This data suggested the presence of
different populations occurring along the soil gradient,
regardless of soil age (Fig. 5). The community meta-
bolic analysis exhibited little variability while the
genetic sequence analysis exhibited more variability.
This is not unusual as microorganisms belonging to
different species can have both similar and different
metabolic activities. It is also noteworthy that in a com-
plex environment like soil, genetic diversity can be im-
mense even though this may not correlate with diverse
metabolic activities if the soil is frozen most of the
year or other factors like oxygen or readily available
nutrient(s) are limiting. The ability of microorganisms
to colonize this environment may explains the meta-
bolically similar communities along the transect. Al-
though isostatic rebound may not have a direct affect
on the microbial community itself, the age of the soils
could influence the establishment of vegetation and
OM, thus influencing microbial activities and micro-
bial soil colonization. There is no evidence for increas-
ing metabolic diversity and complexity in the
microbial community over a period of about
1200 years. This observation is in agreement with the
emerging view that Arctic ecosystems do not undergo
major biological succession and that biotic changes in
Arctic systems are slow, unless change, for example,
such as global warming occurs.
3.4. PCR-DGGE
DNA concentrations ranged from 47 to 1218 ng to-
tal DNA g1 dry soil. However, concentrations were
not consistent between replicates so composite samples
were made by pooling replicate extractions to a final
concentration of 1.0 ng mL1 for amplification prior
to DGGE analysis. Gels were digitally aligned using
this 16S rDNA marker ladder and banding patterns
were derived from captured gel images (Fig. 6) and
converted to peak intensity graphs based on dye fluo-
rescence using Quantity One 1-D analysis software.
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Fig. 4. ShannoneWiener diversity indices of peat-derived (P) and sand-derived (S) microbial communities from soil samples taken along a 2-km
transect from the Hudson Bay shoreline to the boreal forest tree line collected in: (A) 2002; and (B) 2003, as determined by sole-carbon-source-
utilization on ECO-BIOLOG microplates incubated at 4 and 28 C.
88 J.T. Trevors et al. / Polar Science 4 (2010) 81e91The algorithm for computing similarity through this
program was the Dice coefficient, as calculated on
un-weighted bands as: Similarity ¼ 200 
{
P
min(si,ti)/[
P
(si þ ti)]}, where variable s and t are
vectors representing two lanes in the same band set be-
ing compared. The Dice coefficient has been used byother researchers as the quantitative measurement of
DGGE banding patterns (Ibekwe et al., 2001; Nicol
et al., 2003). The marker ladder on each gel was not
used for similarity analysis but was used for standard-
izing the relative front of the gels. 16S rRNA se-
quences were not obtained in this study as the intent
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Fig. 5. ShannoneWiener diversity indices (n ¼ 4) of denaturing gradient gel banding profiles from amplified 16S rDNA fragments from micro-
bial communities along a 2-km transect in the Hudson Bay lowlands in August 2002e2003.
89J.T. Trevors et al. / Polar Science 4 (2010) 81e91was not to specifically identify microorganisms or
compile a library of sequences from unidentified mi-
crobes along the transect, but to obtain numbers and
substrate activity data and use DGGE analysis to
observe major differences in diversity. For example,
banding patterns from 2002 sandy soil samples demon-
strated higher similarity (>40%) between sites from
the shoreline to the tree line. About half of the ampli-
fied 16S rDNA bands at 0 and 1000 m shared 41.6 to
59.1% similarity. Microbial communities from other
cold environmental samples have been examined using
DGGE. Juck et al. (2000) extracted and sequenced 16S
rDNA from petroleum hydrocarbon-contaminated mi-
crobial communities from northern Canadian sites to
reveal that 63.6% of the DGGE bands represented
high G þ C Gram-positive organisms (Actinomyce-
tales) and 36.4% in the class of Proteobacteria.
There is lack of information describing the genetic
diversity of microbial communities in sub-Arctic tun-
dra environments, even though this region is sensitive
to global climate change and is a model for monitoring
geographic and biological succession because of iso-
static rebound. Future research could include phyloge-
netic characterization of microbial samples to identify
ecologically important species occurring in the micro-
bial community.
The Arctic and sub-Arctic are warming because of
global climatic change. The Arctic is currently regarded
as a carbon sink, with the slow accumulation of organic
materials in soils and sediments. Arctic soils are cold,
mostly poorly drained, with slow rates of biological
activity. Thus, as the soils warm and thaw, biological
activity is expected to increase and sequestered carbon
be liberated and contribute to greenhouse gases.Despite that scenario, little research has been com-
pleted on ecological processes in northern soils, espe-
cially with regards to microorganisms. For example,
soil compression by vehicle passages adversely affects
Arctic soils by deepening the active layer, severely re-
ducing the diversity and abundance of soil inhabiting
micro-arthropods, and reducing the amounts of organic
material and some bio-labile elements (Kevan et al.,
1995; Niwranski et al., 2002). The microbial food-
web is no less important in Arctic and sub-Arctic soils
than elsewhere in supporting a diverse array of soil
Metazoa. Ruess et al. (2001), by manipulating the mi-
crobial community in Arctic soils, noted species redun-
dancy in Nematoda. Our results suggest species
redundancy in bacteria, but, we caution that different
species may exhibit different activities (different gene
expression) under different physical and biotic influ-
ences. Microorganisms are genetically programmed to
make cytoplasm and divide under diverse and less
than optimal environmental conditions.
To the best of our knowledge, there have been no
studies of microbes associated with soils of known
ages and associated with isostatic rebound. It was
hypothesized that older soils (about 1200 years at
tree line) would have more metabolically complex
and microbially diverse communities than younger
soils (about 200 years at coast) of the same type and
with the same amount of vegetation cover. Our results
indicated that metabolic diversity in the microbial
community remained relatively similar along the entire
transect in both years. Our results from genetic analy-
sis indicated some differences in species composition,
from sample to sample, especially in 2003, but this did
not translate into differences at the metabolic
Fig. 6. Amplified 16S rDNA banding patterns on ethidium bromide-
stained 8e10% polyacrylamide gel (20e80% denaturation) of: (A)
peat and sand microbial communities from five sites collected in
2002; (B) peat samples from eight sites collected in 2003; and (C)
sand samples from eight sites collected in 2003, along a 2-km tran-
sect from the Hudson Bay to the boreal forest tree line. 16S rDNA
marker ladder in lane 1 is denoted by green bands, while red corre-
spond to fragments within 5% similarity of the ladder and yellow
bands are unidentified.
90 J.T. Trevors et al. / Polar Science 4 (2010) 81e91community level. Different microorganism can have
the same or different activities depending on the spe-
cies genes expressed and environmental conditions.
From our results arise the conclusion that, despite
the range of ages of the soils sampled, the diversity
and metabolic activity is about the same. There is no
evidence for increasing diversity and complexity in
the microbial community along the transects. As globalwarming proceeds, sub-Arctic and Arctic soils will be-
come more biologically active. The data we have pro-
vided may serve as baseline data in future research.
Acknowledgements
This research was supported by NSERC (Canada)
grants to JTT and PGK. Infrastructure and equipment
was provided by The Canadian Foundation for Innova-
tion and the Ontario Innovation Trust. Additional sup-
port was received from CNSC (Churchill Northern
Studies Centre) for the summer field activities at the re-
search site.
References
Anderson, S.A., Sissons, C.H., Colman, M.J., Wong, L., 2002. Appli-
cation of carbon source utilization patterns to measure the meta-
bolic similarity of complex dental plaque biofilm microcosms.
Appl. Env. Microbiol. 68, 5779e5783.
Bohlen, P., Groffman, P., Driscoll, C., Fahey, T., Siccama, T., 2001.
Plant-soil-microbial interactions in a northern hardwood forest.
Ecology 82, 965e978.
Bohlen, P., Inventory, 1989. Soil landscapes of Canada e Manitoba.
Land Resource Research Centre, Research Branch, Agriculture
Canada, Ottawa, ON, Canada. Agric. Can. Publ. 5242/B. 22pp.
Derry, A.M., Kevan, P.G., Rowley, S.M., 1999a. Soil nutrients and
vegetation characteristics of a Dorset/Thule site in the Canadian
Arctic. Arctic 52, 204e213.
Derry, A., Staddon, W., Kevan, P., Trevors, J., 1999b. Functional di-
versity and community structure of microorganisms in three arc-
tic soils as determined by sole-carbon-source-utilization.
Biodiver. Conserv 8, 205e221.
Dredge, L.A., 1992. Field guide to the Churchill region, Manitoba.
Glaciations, sea level changes, permafrost landforms, and arche-
ology of the Churchill and Gillam areas. Miscellaneous Report of
the Geological Survey of Canada Number.
Dredge, L.A., Nixon, F.M., 1992. Glacial and environmental geology
of northeastern Manitoba. Geological Survey of Canada Memoir
432.
Garland, J., Mills, A., 1991. Classification and characterization of
heterotrophic microbial communities on the basis of patterns of
community-level sole-carbon-source-utilization. Appl. Environ.
Microbiol. 57, 2351e2359.
Hansen, A.A., Herbert, R.A., Mikkelsen, K., Jensen, L.J.,
Kristoffersen, T., Tiedje, J.M., Lomstein, B.A., Finster, K.W.,
2007. Viability, diversity and composition of the bacterial com-
munity in a high Arctic permafrost soil from Spitsbergen, North-
ern Norway. Environ. Microbiol. 9, 2870e2884.
Ibekwe, A.M., Papiernik, S.K., Gan, J., Yates, S.R., Yang, C.H.,
Crowley, D.E., 2001. Impact of fumigants on soil microbial com-
munities. Appl. Environ. Microbiol. 67, 3245e3257.
Juck, D., Charles, T., Whyte, L.G., Greer, C.W., 2000. Polyphasic
microbial community analysis of petroleum hydrocarbon-con-
taminated soils from two northern Canadian communities.
FEMS Microbiol. Ecol 33, 241e249.
Kevan, P.G., Forbes, B.C., Kevan, S.M., Behan-Pelletier, V., 1995.
Vehicle tracks on high Arctic tundra: their effects on the soils,
vegetation, and soil arthropods. J. Appl. Ecol 32, 655e667.
91J.T. Trevors et al. / Polar Science 4 (2010) 81e91Kirk, J.L., Klironomos, J.N., Lee, H., Trevors, J.T., 2005. The effects
of perennial ryegrass and alfalfa on microbial abundance and
diversity in petroleum contaminated soil. Environ. Pollut 133,
455e465.
Maggurran, A.E., 1988. Ecological Diversity and its Measurement.
Princeton University Press, Princeton, NJ.
Muyzer, G., deWaal, E., Uitterlinden, A., 1993. Profiling of
complex microbial populations by denaturing gradient gel
electrophoresis analysis of polymerase chain reaction-amplified
genes coding for 16S rRNA. Appl. Environ. Microbiol. 59,
695e700.
Niwranski, K., Kevan, P.G., Fjellberg, A., 2002. Effects of vehicle
disturbance and soil compaction on Arctic collembolan abun-
dance and diversity on Igloolik Island, Nunavut, Canada. Eur.
J. Soil Biol. 38, 193e196.Nicol, G.W., Glover, L.A., Prosser, J.I., 2003. Spatial analysis of
archaeal community structure in grassland soil. Appl. Environ.
Microbiol. 69, 7420e7429.
Ruess, L., Schmidt, I.K., Michelsen, A., Jonasson, S., 2001. Manip-
ulation of a microbial based soil food web at two artic sites e
evidence of species redundancy among the nematode fauna.
Appl. Soil Ecol 17, 19e30.
Staddon,W.J., Duchesne, L.C., Trevors, J.T., 1997.Microbial diversity
and community structure of postdisturbance forest soils as deter-
mined by sole-carbon-source utilization patterns. Microb Ecol
34, 125e130.
Tam, L., Derry, A., Kevan, P., Trevors, J., 2001. Functional diversity
and community structure of microorganisms in rhizosphere and
non-rhizosphere Canadian arctic soils. Biodivers. Conserv 10,
1933e1947.
